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( Figure 1 ). The highly conserved zinc finger domains comprise three sets of Cys2/His2 amino acid residues located at the C terminus, which are also similar to three motifs in the transcription factor SP1 ( Figure 1 ). The zinc finger motifs of members of the KLF and SP1 superfamily of transcriptional regulators bind GC-rich motifs in gene regulatory regions, and they act as generally weak activators and often as strong repressors of gene expression. KLFs bound to DNA attract partners. For group 2 KLFs such as KLF4, which are transcriptional activators, these may include CBP/p300 (4) . For example, KLF4 binds a TGF-β transcriptional control element located in the angiotensin II type 1 receptor (ATR1). In response to TGF-β signaling, SP1 dissociates from KLF4 and PPARγ binds KLF4, resulting in enhanced ATR1 transcription (5) .
The human genome contains 17 KLF-encoding genes and can be classified into three phylogenetic groups that correlate with functional differences: group 1 KLFs are transcriptional repressors, group 2 KLFs are predominantly transcriptional activators, and group 3 KLFs bind and potentiate the activity of the co-repressor SIN3A; KLF16 and -17 do not cluster with other group members (ref. 6 and Figure 2) . Expression of some KLFs is tissue restricted, such as KLF1 in hematopoietic cells, while others are widely expressed. This class of transcription factors has highly diverse roles that include regulating cell growth, differentiation, and death; endothelial and epithelial function; fat and glucose metabolism; and mitochondrial function; among other effects (6) . Shinya Yamanaka and colleagues have shown that KLF4 is one of a set of four transcription factors (the others being OCT4, SOX2, and MYC) that can reprogram adult cells to become induced pluripotent stem cells (7), a discovery that resulted in Yamanaka sharing the 2012 Nobel Prize in Physiology or Medicine with John Gurdon. As transcriptional factors, KLFs are present in the nucleus, but they are also present in the cytoplasm and have distinct roles there.
KLFs have diverse roles in kidney physiology and pathophysiology
Glomerular endothelial cells that are exposed in vitro to laminar shear stress express higher levels of KLF2, leading Slater et al. to suggest that this might contribute to the phenotype-stabilizing effects of shear stress on the vascular endothelium (8) . Compared with WT mice, animals with a endothelial-specific deletion of Klf2 manifest a more severe streptozotocin-diabetic nephropathy, including more proteinuria, more glomerular hypertrophy, and evidence of more endothelial injury but interestingly also more severe podocyte injury (9) . In a study of glomerular transcripts expressed in atypical hemolytic uremic syndrome, KLF4 expression was modestly elevated (10); on the other hand, KLF2 and KLF4 transcripts were reduced in glomerular transcripts from renal transplant-associated thrombotic microangiopathy (11), suggesting a complex picture for KLF-mediated gene expression.
Krüppel-like factors (KLFs) are zinc finger transcription factors that share homology in three C-terminal zinc finger domains. KLF family members are expressed in most if not all tissues and have diverse roles in organismal development and cell differentiation, function, and death. The glomerular podocyte is particularly sensitive to mitochondrial dysfunction, as seen in various genetic disorders manifesting as progressive glomerulosclerosis. In this issue of the JCI, Mallipattu and coworkers show that KLF6 expression is reduced in mouse and human glomerular disease. Podocyte-specific deletion of Klf6 expression in mice leads to mitochondrial dysfunction and apoptosis, followed by glomerulosclerosis. This is the first demonstration that defective transcriptional regulation of nuclear-encoded mitochondrial genes can result in experimental glomerular disease. Further insight into the role of KLF6 in podocyte biology
In this issue, Mallipattu and coworkers present three lines of evidence that support a role for KLF6 in maintaining normal podocyte function and specifically link this to the ability of KLF6 to support podocyte mitochondrial function (22) . First, Mallipattu et al. surveyed renal expression of 9 KLFs in HIV-infected human podocytes and in HIV-transgenic mice (23) that manifest with HIV-associated nephropathy (collapsing glomerulopathy). It is currently thought that podocyte injury and loss lead to podocyte replacement from several sources, particularly parietal epithelial stem cells and cells of the renin lineage. A survey of the mRNA expression patterns of KLF family members revealed that only KLF6 expression was altered, with it being reduced in both HIV-infected podocytes and in HIV transgenic mouse glomeruli.
Second, mice with podocyte-specific deletion of Klf6 manifested albuminuria but not glomerulosclerosis, as least within the observation period (22) . Doxorubicin induces podocyte injury and results in glomerulosclerosis in susceptible mouse strains. Doxorubicin is also used in cancer chemotherapy, injuring or killing sensitive cells. While doxorubicin intercalates into DNA, the cytotoxic effects of this agent may be mediated by poisoning topoisomerase II, which corrects DNA supercoils that otherwise would result in tangled DNA, thereby releasing torsional stress; therefore, the expected result of decreased topoisomerase function would be compromised transcription (23) . Doxorubicin-sensitive mice that manifest podocyte injury have a mutation in the DNA repair gene Prkdc (24) . Further, doxorubicin decreases intracellular ATP (by mechanisms that remain unclear), resulting in a compensatory increase in mitochondrial knockdown of KLF2 increased cell proliferation (17) . In cultured human podocytes, retinoids were shown to increase KLF15 expression, and KLF15 drove podocyte differentiation in vitro, binding to the promoter regions of nephrin and podocin as shown by ChIP assay (18) . Further, Klf15-knockout mice manifest more podocyte injury in response to the podocyte toxins LPS and doxorubicin, suggesting a phenotype-stabilizing role for KLF15.
KLFs and mitochondria
KLFs have previously been associated with regulation of mitochondria number and function. Mitochondria are heterogeneous and dynamic organelles, with properties that may differ within a cell and between cells. For example, mitochondria differ in membrane potential and metabolic activity and in their tendency to be located in isolation or in aggregates with other mitochondria. In cultured pulmonary artery smooth muscle cells, KLF5 drives survivin expression, generates mitochondrial hyperpolarization, and protects against apoptotic cell death (19). In cultured neurites, KLF4 and KLF6 reduce mitochondrial complex size (isolated versus aggregated), and KLF6, but not KLF4, reduces mitochondrial density. As KLF6 is associated with increased neurite growth, it has been suggested that smaller, less dense mitochondria may participate in neurite growth (20) . Finally, in Caenorhabditis elegans, Klf3 is essential for the expression of enzymes involved in beta-oxidation of fatty acids in mitochondria and peroxisomes (21) .
As mitochondria are present in all nucleated cells, it is not surprising that In contrast to the predominantly endothelial expression pattern of KLF2 and KLF4, KLF5 is expressed in collecting duct epithelial cells and plays a role in inflammation and fibrosis. Mice haploinsufficient for Klf5 exhibit less renal injury following unilateral ureteral ligation and an apparent shift from M1 macrophages to M2 macrophages, which would be compatible with a less fibrotic outcome (12) .
During metanephric development, Klf6 is expressed in the Wolffian duct and its derivatives and in the ureteric bud and its branches, including the distal tubule, with limited glomerular staining seen in what was interpreted as mesangial cells (13) . In diabetic Ren-2 rats on the other hand, Klf6 expression is increased in proximal tubular cells, and overexpression of KLF6 in cultured proximal tubular cells increased TGF-β1 expression and promoted a phenotype suggestive of epithelial-mesenchymal transition (14) . KLF12 is also expressed in the distal tubule, specifically in the inner medullary collecting tubule, and in vitro it was shown to drive expression of the urea transporter A-1 but not the epithelial sodium channel (ENaC) (15) .
KLF15 is decreased in the renal interstitium of 5/6 nephrectomized rats and has been suggested to play an antifibrotic role, as in vitro studies demonstrate that KLF15 represses TGF-β1 signaling via ERK/ MAPK and JNK/MAPK pathways (16) . Two studies have addressed the role of KLF15 in glomerular cells. In the rat Thy1 nephritis model, glomerular KLF15 expression fell during the period of mesangial proliferation, and in cultured rat mesangial cells, respiratory factor 1 (Nrf1) and mitochondrial inner membrane protein (Mpv17); however, it remains to be determined whether these genes are directly or indirectly affected by KLF6 deficiency.
Mitochondria and podocyte function
When one looks at a kidney biopsy under the electron microscope, it is apparent that the renal cells endowed with the most mitochondria are proximal tubular cells, which depend heavily on mitochondrial oxidative phosphorylation to support sodium transport. Nevertheless, it is striking that genetic disorders that affect mitochondrial function often include podocyte dysfunction as part of a spectrum of cellular pathologies (Table 1) . Mitochondrial function can be disrupted by mutations in nuclear-encoded genes and mitochondrial DNA-encoded genes, as has been the subject of a recent comprehensive review (26) . Within the kidney, mutations that affect mitochondrial-expressed genes tend to manifest primarily as tubular epithelial cell dysfunction or podocyte dysfunction. The apparent high-energy requirement of the podocyte is not well understood but has been remarked upon by several groups (27) (28) (29) . Possible reasons include foot process motility, which is enabled by continuous remodeling of the actin cytoskeleton; uptake of filtered proteins; or other unknown mechanisms. Another link between energy shortage and podocyte injury is the observation that defective and damaged mitochondria are cleared by autophagy, a process linked to activation of inflammasomes and apoptosis (30) . Therapeutic strategies to address podocyte mitochondrial dysfunction hold considerable promise. depletion of KLF6 was also associated with increased levels of cleaved caspase-3 and -9, release of mitochondrial cytochrome c, and increased apoptosis.
Promoter analysis suggested that the human cytochrome c oxidase assembly (SCO2) had KLF6-binding sites, which was confirmed by ChIP analysis. Furthermore, SCO2 expression was reduced in podocytes from KLF6-deficient mice. In human podocytes, knockdown of SCO2 expression increased cleaved caspase-9 levels and release of cytochrome c, adding some support to the proposal by Mallipattu and colleagues that SCO2 may be a key KLF6 target for mediating protection against mitochondrial injury (22) . The expression of a number of other mitochondrial genes was also reduced in podocyte-specific Klf6-knockout mice, including nuclear oxidation, and this may impose oxidative stress (25) . This suggests that KLF6 contributes to progression of glomerular injury, at least in this model.
Third, Mallipattu and colleagues developed further in vivo and in vitro evidence that suggests KLF6 is essential for normal mitochondrial function, particularly in the setting of mitochondrial stress (22) . Mice lacking Klf6 manifested dysmorphic mitochondria following doxorubicin exposure, and KLF6 expression increased in WT mice and in cultured mouse podocytes exposed to doxorubicin, suggesting a role in protection against mitochondrial stress. In cultured human podocytes, KLF6 knockdown was associated with decreased mitochondrial membrane potential, oxygen consumption rate, and ATP levels. Moreover, For example, therapy with the electron transport chain component coenzyme Q10 (COQ10) can reduce progressive renal damage in individuals with mutations in genes that affect the COQ10 synthetic pathway, providing a strong rationale for genetic testing of patients with nephrotic syndrome, particularly children, to identify individuals who could benefit from this therapy (31) . Other new therapeutic approaches are also being explored. For example, PPARα protects podocytes from aldosterone-induced mitochondrial dysfunction (32) . Glycogen synthetase kinase (GSK) 3β integrates signals that regulate mitochondrial pore transition, and a thiazolidinedione compound that inhibits GSK2β was shown to alleviate doxorubicin-induced podocyte injury in vitro and in vivo (33) .
The study by Mallipattu and colleagues gives one more example of why this is an exciting time in glomerular pathophysiology, as existing concepts are being remodeled by new findings obtained from human genetic and pathology studies, animal and cell culture models, and systems biology approaches applied to large patient cohorts.
